Isolated transcription complexes contain a protein kinase that phosphorylates the heptapeptide repeats of the carboxy-terminal domain (CTD) of the RNA polymerase II (RNAP II) large subunit in an apparently promoter-dependent manner. We now show that the essential features of this reaction can be reproduced in a reconstituted system containing three macromolecular components: a fusion piotein consisting of the CTD of RNAP II fused to a heterologous DNA-binding domain, an activating DNA fragment containing the recognition sequence for the fusion protein, and a protein kinase that binds nonspecifically to DNA. This kinase closely resembles a previously known DNA-dependent protein kinase. Evidently, the association of the CTD with DNA provides a key signal for phosphorylation. There appears to be no absolute requirement for specific contacts with other DNA-bound transcription factors.
Protein phosphorylation is an important mechanism for regulating eukaryotic cellular activity at both cytoplasmic and nuclear levels. The phosphorylation of transcription factors is one way in which protein kinases have been shown to directly influence the expression of genes in response to internal or external signals. Phosphorylation has been shown to result in the alteration of the function of several sequence-specific DNA-binding transcription factors at the level of DNA binding (Raychaudhuri et al. 1989; Boyle et al. 1991) , transcriptional activation (Sorger and Pelham 1988) , and nuclear translocation (Shirakawa and Mizel 1989) .
In many instances, the precise contribution of phosphorylation to the regulation of the function of proteins in the transcriptional apparatus remains uncertain. One example is phosphorylation of the carboxy-terminal domain (CTD) of the largest subunit of RNA polymerase II (RNAP II). This domain contains an evolutionarily conserved heptapeptide sequence (Ser-Pro-Thr-Ser-Pro-SerTyr) that is tandemly repeated up to 52 times (Allison et al. 1985; Corden et al. 1985 ; for review, see Corden 1990) . Because of the limitations of existing in vitro systems, much of our understanding about the function of the CTD comes from in vivo genetic analysis. In yeast, progressive deletion of the heptapeptide repeats leads to metabolic deficiencies (Nonet et al. 1987; Allison et al. 1988) . A similar genetic approach has shown that the ^Corresponding author.
CTD is also essential in Drosophila and cultured mouse cells (Bartolomei et al. 1988; Zehring et al. 1988) . Changing the length of the CTD can enhance or suppress the effect of mutations in the yeast transcriptional activator protein GAL4 (Allison and Ingles 1989) , and partial deletion of the CTD specifically interferes with recognition of the yeast INOI upstream activator sequence (UAS) (Nonet and Young 1989; Scafe et al. 1990 ), suggesting that the CTD may facilitate interaction between RNAP II and factors bound to DNA at remote sites. The CTD may also interact with DNA (Suzuki 1990 ). This binding has been proposed to play a role in the establishment of transcription complexes, perhaps by allowing displacement of a DNA-bound repressor .
The CTD is phosphorylated in vivo at serine and threonine, but not tyrosine, residues (Dahmus 1981; Cadena and Dahmus 1987; Zhang and Corden 1991a) . Phosphorylation appears to be cooperative in vivo, generating the highly phosphorylated 11^ form of the large subunit, which displays a substantially retarded mobility in SDS-PAGE, relative to the nonphosphorylated 11^ form (Cadena and Dahmus 1987) . Although the extent to which the IIQ and 11^ forms are functionally distinct remains uncertain, several lines of evidence suggest that phosphorylation and dephosphorylation of the CTD may be coupled to progression of RNAP II through the transcription cycle (Payne et al. 1989 ; for review, see Dahmus and Dynan 1992) . RNAP II containing the nonphosphory-lated Ila subunit has a selective advantage in forming preinitiation complexes, as evidenced by direct RNAP Il-binding experiments J.D. Chesnut, J.H. Stephens, and M.E. Dahtnus, in prep.) and by the ability of this form to initiate transcription with a shorter lag time in a fractionated system (Kim and Dahmus 1989) . In contrast, RNAP 11 containing the ll^ subunit was found to predominate in elongation complexes, as determined by photo-cross-linking to nascent RNA transcripts (Bartholomew et al. 1986; Cadena and Dahmus 1987; Payne et al. 1989) .
A number of CTD kinases have been described (Cisek and Corden 1989; Guilfoyle 1989; Lee and Greenleaf 1989; Payne et al. 1989; Stevens and Maupin 1989; Feaver et al. 1991) . One of these has been shown to be involved in CTD phosphorylation in vivo (Lee and Greenleaf 1991) , and recently, one has been shown to copurify with a yeast transcription factor (Feaver et al. 1991) . Mammalian cells contain a CTD kinase that is of interest because it is associated with preinitiation transcription complexes, providing a plausible mechanism for transition from the 11^ to the II,, form concomitant with transcriptional initiation (Laybourne and Dahmus 1990; Arias et al. 1991) . Significantly, phosphorylation of the CTD by this template-associated kinase occurs when a functional promoter is present in the reaction, and only to a lesser degree with a mutant promoter bearing multiple point changes in the TATA and initiator elements (Arias et al. 1991) . Results of a pulse-chase experiment suggest that phosphorylation and transcriptional initiation are closely associated (Arias et al. 1991) . These findings suggest that the kinase might be a specific component of the preinitiation complex or, alternatively, that a ubiquitous kinase might respond to conformational changes that accompany promoter binding or initiation of RNA synthesis.
We have developed a simple system based on recombinant substrates to study the activity of the templateassociated kinase. This has allowed us to discriminate between various models that have been proposed regarding CTD phosphorylation. The template-associated kinase does not appear to correspond to one of the known general transcription factors nor one of the kinases that phosphorylates CTD sequences in solution. Rather, it closely resembles a previously known kinase that also phosphorylates T antigen, p53, and Spl. CTD phosphorylation does not require the presence of transcription factors but is strongly enhanced by targeting the CTDcontaining protein to DNA.
Results

Expression and in vitro phosphorylation of a CTD fusion protein
Previously, we developed an immobilized template transcription system to study the RNAP II transcription reaction (Arias and Dynan 1989) . In this system a short promoter-containing DNA fragment, attached at its upstream end to an agarose bead support matrix, is incubated with nuclear extract to form preinitiation complexes. The complexes are washed to remove unbound proteins. The bound RNAP II initiates transcription in situ upon addition of nucleoside triphosphates. Use of this system results in a 300-fold purification of transcriptional activity, relative to unfractionated extract. Interestingly, a protein kinase remains tightly associated with the washed preinitiation complexes and phosphorylates the CTD of endogenous RNAP II in a reaction that is closely associated with transcriptional initiation (Arias etal. 1991) .
To better understand the underlying mechanism by which the CTD is recognized and phosphorylated in this system, we challenged the system using a recombinant fusion protein containing the murine CTD sequence. This fusion protein, GCTD, which contained a glutathione S-transferase (GST) domain joined to the CTD exon, was expressed in Escherichia coh, and affinity purified. When the GCTD protein was added to an immobilized template transcription reaction, transcription was inhibited ( Fig. lA) . When the GST control protein lacking the CTD was used, transcription was inhibited only slightly (Fig. lA, lane h) . These results, which are similar to those obtained by Thompson et al. (1989) with conjugated CTD peptide, provide evidence that the GCTD fusion protein was biochemically functional.
To test whether the GCTD protein associated with purified transcription complexes was a substrate for phosphorylation, complexes were assembled in the presence of GCTD as before. The complexes were washed, incubated with nucleoside triphosphates, including [7-^^P]ATP, and proteins were immunoprecipitated with CTD-specific 8WG16 antibody (Thompson et al. 1989) . Two forms of radiolabeled GCTD were detected (Fig. IB,  lane b) . The lower mobility CTD^ form was apparently phosphorylated at multiple sites, and the higher mobility CTD a, which comigrated with the input protein, was apparently phosphorylated at only one or a few sites. The conversion to the mobility-shifted CTD^ form is similar to the behavior of the native large subunit of RNAP II and other fusion protein substrates in phosphorylation assays (Lee and Greenleaf 1989; Payne et al. 1989) . Studies with a model substrate suggest that the addition of approximately seven phosphate groups is required to produce the shift to the CTD^ form (Zhang and Corden 1991b) . Much less radiolabeling was detected when GCTD protein was added subsequent to complex formation (Fig. IB, lane d) , as expected, because there was little inhibition of transcription under these conditions (data not shown). It is interesting that in these experiments the GCTD substrate remained associated with the immobilized template after multiple washes with 250 niM KCl. This binding appears to be mediated by proteins in the nuclear extract, as we show later that the purified GCTD protein does not bind efficiently to purified DNA (Fig. 3, below) .
In addition to the GCTD protein, an endogenous substrate was immunoprecipitated that apparently corresponds to the radiolabeled CTD-containing large subunit of endogenous RNAP IL Radiolabeling of this endogenous substrate was reduced significantly when GCTD fusion protein was included in the preincubation reaction, whereas control GST protein had little effect (Fig.  IB, lanes a-c) . This suggests that the GCTD protein acts as a competitive inhibitor of the phosphorylation reaction. This competition, together with the characteristic CTD^ to CTDQ mobility shift, suggests that the sites of labeling are in the CTD portion of the molecule. This was confirmed directly in later experiments (see Fig. 4 , below). We have shown previously that radiolabeling of the CTD of endogenous RNAP II is dependent on a functional promoter (Arias et al. 1991 ). This does not simply reflect the lack of RNAP II substrate bound to mutant DNA beads, as the promoter dependence was also seen in a control experiment where exogenous RNAP II was added to the washed beads during the phosphorylation phase of the reaction (Arias et al. 1991) . We wanted to see whether the same promoter dependency was seen with the GCTD fusion protein. It was not. A similar amount of GCTD labeling was seen with wild-type DNA and with a mutant promoter bearing multiple changes in the TATA and initiator elements (Fig. IC, cf. lanes b and e) . In the same experiment, labeling of endogenous substrate was strongly promoter dependent, in agreement with previous findings (Fig. IC, cf. lanes a and d) .
One way to reconcile the different effect of promoter sequences on phosphorylation of the endogenous RNAP II and the GCTD protein is to impute two properties to the kinase: (1) that it binds equally well to wild-type and mutant DNA beads; (2) that it acts only on DNA-bound substrates. In this interpretation, promoter sequences are required for RNAP II phosphorylation because they bring RNAP II to the DNA. Binding of the GCTD to the DNA beads is evidently nonspecific, perhaps depending on the high concentration of nuclear extract proteins and GCTD in the reaction, and promoter sequences therefore have no effect on phosphorylation. If this interpretation is correct, the GCTD protein should be made a more efficient substrate by incorporating a site-specific DNAbinding domain, thus targeting the protein to DNA.
Phosphorylation of CTD-GAL4 fusions
To test the idea that targeting of the CTD to DNA was a key determinant of its activity as a phosphorylation substrate, we constructed a new CTD fusion protein that included the amino acid 1-147 DNA-binding domain of the yeast GAL4 protein. DNA encoding this domain was inserted in-frame between the GST and CTD sequences of pGCTD to create the GC147 construct, as diagramed in Figure 2 . The same GAL4 fragment was fused to the GST gene without the CTD, to make the control construct G147. Initially, affinity-purified preparations of GC147 protein were heavily contaminated with smaller polypeptides, probably resulting from degradation or incomplete translation (data not shown). Therefore, GC147 and control proteins used in further experiments were subjected to additional chromatography on a Sephacryl S-300 gel filtration column to give the more purified protein preparations shown in Figure 2 . The fusion proteins migrated on SDS-PAGE gels with anomalously low mobilities, as expected from previous reports (Cadena and Dahmus 1987; Zhang and Corden 1991a) . For reasons that are not clear, an apparently stoichiometric amount of contaminating GST, seen at the bottom of the gel, reproducibly cochromatographed with the GC147 and G147 proteins. This contaminant is not phosphorylated and should not affect the experiments.
The fusion proteins were tested in an electrophoretic mobility-shift assay for the ability to bind to an oligonucleotide containing a single copy of a 17-nucleotide consensus GAL4-binding site ( Fig. 3 ; Giniger et al. 1985) . Both the G147 and GC147 proteins formed complexes with the DNA (lanes c,g). As expected, protein-DNA complexes formed with GC147 had a reduced mobility relative to those formed with G147. DNA binding by GC147 was competed by unlabeled oligonucleotide containing the GAL4 UAS recognition site (lanes h-1) but was competed only slightly by an unrelated oligonucleotide (lanes m-q). To show that the DNA-protein complexes formed with GC147 contained the CTD, complexes were transferred to nitrocellulose and probed with 8WG16 monoclonal antibody (data not shown). The appearance of an immunoreactive band ruled out the possibility that binding might be attributable to incompletely translated or degraded contaminants. Although it has been shown by others that the CTD or CTD peptides bind DNA (Suzuki 1990; Peterson et al. 1991 ), we did not detect binding of the GCTD protein, which lacks the GAL4 DNA-binding domain, to the oligonucleotide probe under our standard reaction conditions (Fig. 3 , lanes d-f). A small amount of binding was detected with the GCTD protein using a longer DNA probe and a very low ionic strength buffer (M. Galman and W.S. Dynan, unpubl.). To test purified GC147 fusion protein as a substrate for phosphorylation, preinitiation complexes were formed using HeLa cell nuclear extracts and immobilized template in the presence or absence of GC147. The template used in this experiment was AdUAS, an Ad-MLP derivative containing the consensus GAL4 recognition sequence. As expected, the GC147 protein was phosphorylated, and its mobility was shifted to the CTDQ position (Fig. 4A, lane a) .
It was of interest to know whether the phosphorylation reaction could be reconstituted in a solution phase assay using kinase eluted from the DNA beads. Com-
lane c with lanes a and b). In these reactions^ the protein kinase eluted from the DNA beads was sufficiently specific that GC147 phosphorylation could be detected directly, without immunoprecipitation. This method of direct analysis was used in all further experiments. To confirm further that the CTD was the only site of phosphorylation in these experiments, radiolabeled samples were treated with CNBr. This reagent cleaves at methionine residues, which occur only in the portion of the protein outside the CTD, and thus releases the CTD as an intact polypeptide (Cadena and Dahmus 1987) . Incubation of the phosphorylated GC147 protein with CNBr released two phosphoproteins with electrophoretic mobilities corresponding to the expected CTD^ and CTDQ forms (Fig. 4C, lane b) . No other phosphoproteins were detected. -g) . Some reactions contained nonradiolabeled GAL4 probe as competitor [20, 40, 100, 200 , 400 ng (lanes h-l, respectively)] or a nonradiolabeled oligonucleotide lacking the GAL4-binding site [20, 40, 100, 200 , 400 ng (lanes m-q, respectively)]. Reactions were incubated for 15 min at room temperature and analyzed on a native 5% polyacrylamide gel. The arrows indicate the mobility-shifted complexes formed by the G147 and GC147 proteins.
plexes were prepared and washed as usual, and incubated in 1 M KCl. Under these conditions, most proteins are expected to be released, whereas the DNA, which is attached by a streptavidin-biotin linkage, remains associated with the beads. An activity capable of phosphorylating GCI47 was detected in the material eluted by I M KCl (Fig. 4A, lane c) . The ability of the eluant to catalyze phosphorylation was strongly dependent on the addition of exogenous DNA during the phosphorylation phase of the reaction (cf. lanes c and d). Binding of kinase to the beads was DNA dependent, as no binding was observed using streptavidin-agarose beads without DNA (data not shown).
To verify that the phosphorylation of the GC147 protein by the DNA bead-eluted kinase was limited to the CTD portion of the protein, the control proteins G147 and GST, which lack the CTD, were tested in parallel kinase reactions with the GC147 protein. No labeling was detected in the proteins lacking the CTD (Fig. 4B , cf.
Characteristics of the GC147 phosphorylation reaction
The time course of CTD phosphorylation was measured, using GC147 substrate and DNA bead-eluted kinase. Results are shown in Figure 5 . Even at short reaction times, there was substantial label in the CTD^ position and relatively little labeling of species intermediate between the CTDo and CTD^ (Fig. 5A ). Thus, under these conditions the transition between the radiolabeled CTD^ and CTDQ forms appears to be cooperative. Quantitative Phosphorlmager analysis of the experiment is shown in Figure 5B . Interestingly, the appearance of label at the CTDg position occurs with no perceptible lag and approaches a plateau value within 10 min, whereas the appearance of label at the CTD^ position occurs with a distinct lag and does not plateau until later, a kinetic pattern that is consistent with a precursor-product relationship between the phosphorylated CTD^ and CTD^ forms. It has been suggested, as discussed in the introductory section, that phosphorylation of the CTD provides a structural trigger for some subsequent event in the transcription cycle, possibly the initiation of RNA synthesis or release of RNAP II from the promoter. The finding that phosphorylation is cooperative is in agreement with the requirements of this model, where conversion to the CTDQ form provides an all-or-none signal to some other component of the transcriptional apparatus. It is interesting that the present results differ from those obtained with a CDC2-containing CTD kinase, where the reaction appeared to be distributive, with prominent intermediates detected at short reaction times (Zhang and Corden 1991b) . To examine whether particular DNA sequences were required to activate phosphorylation of the GC147 fusion protein, several DNA fragments were tested as cofactors in the reaction (Fig. 6A) . The two fragments that were most effective each contained a GAL4 consensus recognition site (AdUAS and UAS). About threefold more activity was observed with these fragments than with a vector fragment containing no insert (pUC). Presumably, this difference is attributable to DNA binding mediated by the GAL4 (1-147) domain. The residual ac- tivity with the vector fragment is probably attributable to nonspecific binding by the GAL4 domain under the conditions of protein excess that are used in these reactions. Significantly, when the GAL4 recognition site was present, it made little difference whether the activating fragment contained the adenovirus 2 major late promoter (AdMLP) sequence, suggesting that the phosphorylation reaction does not require any specific interactions with promoter sequences. In the absence of the GAL4 recognition site, a fragment containing the AdMLP sequence (Ad) was more effective than the pUC vector fragment alone. This difference is as yet unexplained; it could reflect an authentic contribution from the promoter or, alternatively, the occurrence of a weak, adventitious GAL4 recognition site somewhere within the AdMLP construct.
Further evidence that targeting of the CTD to DNA is important for phosphorylation is provided by a direct comparison of the GC147 and GCTD proteins in a phosphorylation assay (Fig. 6B) . The initial velocity of the reaction is markedly higher with GC147, where the GAL4 DNA-binding domain is present, than with the GCTD control protein, where the DNA-binding domain is absent. Because the reaction responds to both the presence of the GAL4 DNA-binding domain in the protein and the GAL4 recognition site in the DNA, the simplest interpretation is that the binding of the substrate to the DNA provides the signal for phosphorylation. Our results do not rule out the possibility that the GAL4 insert makes some additional contribution to substrate activity, however, perhaps by changing the overall structure of the fusion protein. This idea will be taken up further in the Discussion.
The requirements of the kinase for nucleotide substrates were investigated using the solution-phase assay. The K^ for ATP was ~7 |XM (data not shown), consistent with the apparent K^ for ATP in the endogenous reaction (Laybourn and Dahmus 1990). Under standard con- Figure 6 . DNA sequence dependence of phosphorylation of GC147 protein and comparison of the GC147 and GCTD substrates.
[A] Phosphorylation assays of GC147o in the presence of different DNA fragments. Reactions contained 1 ng of each of EcoRl-Bgll fragments derived from pAdUAS, pUCUAS, pAdMLP, or pUC 19, as indicated; 100 ng of GC147 protein; and the DNA bead-eluted kinase. Reactions were run for 30 min at 30°C, and products were analyzed by 8% SDS-PAGE. The amount of radiolabel incorporated (arbitrary units) into the IIQ form of the phosphoprotein was determined by Phosphorlmager analysis.
[B] Comparison of GCTD^ (•) and GC147o (EJ) substrates. Reactions contained 1 ng of AdUAS DNA fragment, 100 ng of GCTD protein or GC147 protein, and the DNA bead-eluted kinase. Reactions were run for 7.5, 15, 22.5, and 30 min at 30°C, and the amount of radiolabel incorporated (arbitrary units) into the 11^ form of the phosphoprotein was determined as in A.
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10-fold preference for ATP over
The template-associated CTD kinase resembles a kinase described previously
The experiments presented here show that the templateassociated CTD kinase is strongly dependent on DNA as a cofactor for the reaction. It binds tightly but nonspecifically to DNA and is present in nuclear fractions. It has been shown to have a very strong preference for ATP over GTP and has been shown previously to be resistant to the nucleoside analog DRB (Arias et al. 1991) . Only one other kinase with these properties has been reported previously (Walker et al. 1985; Lees-Miller and Anderson 1989; Carter et al. 1990; Lees-Miller et al. 1990 ). This well-characterized DNA-dependent protein kinase (DNA-PK) phosphorylates hsp90, a-casein^ phosvitin, and several nuclear proteins, including SV40 T antigen, human Ku antigen, p53, and Spl (Walker et al. 1985; Jackson et al. 1990; Lees-Miller et al. 1990 ).
To test whether the previously described DNA-PK phosphorylates the CTD, the enzyme was isolated according to the published procedure ) and tested in a phosphorylation assay with GC147 substrate. Extensive labeling was detected at both CTD^ and CTDQ positions (Fig 7A, lane j) . The reaction was strongly dependent on DNA (cf. lanes i and j). Very little phosphorylation was seen with the GCTD protein lacking the GAL4 DNA-binding domain (cf. lanes j and 1). The expected DNA-dependent phosphorylation of an hsp90 control protein was seen (lanes g,h) . Parallel reactions were performed using material eluted from immo- 
_es.
g Figure 7 .
Comparison of DNA bead-eluted protein kinase and isolated DNA-dependent protein kinase.
[A] Comparison of kinase reaction products. Phosphorylation reactions were performed as described in Materials and methods using 2 [xl of DNA bead-eluted kinase (lanes a-f] or 100 ng of a purified preparation of DNA-PK (lanes g-l) . Reactions contained 1 ng of AdUAS DNA fragment and 250 ng of hsp90 protein, 100 ng of GC147 protein, or 100 ng of GCTD protein, as indicated. Phosphorylation reactions were performed for 30 min at 30°C, and products were analyzed by SDS-PAGE and visualized by autoradiography. Lanes a-f were exposed three times as long as lanes g-l. {B] Superdex-200 chromatography of DNA bead-eluted kinase. Material eluted with 1 M KCl from 200 yA of AdMLP DNA beads was fractionated on a Superdex-200 HI6/160 column, and kinase activity was measured for the indicated fractions as described in Materials and methods. Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from bilized template DNA beads (Fig 7A, lanes a-f) . The pattern of radiolabeling was essentially indistinguishable from that seen with isolated DNA-PK. DNA-PK is distinguished from most other protein kinases by its large size, with a native molecular mass of -300-350 kD, as determined by gel-filtration chromatography (Carter et al. 1990; Lees-Miller et al. 1990 ). To establish whether our template-associated CTD kinase shared this distinctive property with DNA-PK, material was eluted from DNA beads and subjected to further chromatography on a Superdex-200 gel-filtration column (Fig. 7B) . The bulk of the activity eluted in a well-defined peak between the void volume and catalase, consistent with a molecular mass of -300 kD. As expected, this activity was strongly DNA dependent (data not shown). There was a small secondary peak of CTD kinase activity eluting at the void volume. This activity was DNA independent, however, suggesting that it might be attributable to large complexes formed between kinase and contaminating DNA in the preparation. The behavior of our template-associated kinase in gel filtration is consistent with that reported previously for DNA-PK (Carter et al. 1990; Lees-Miller et al. 1990 ). It differs from the behavior expected for the CDC2-containing CTD kinases, however, which have native molecular masses of 93 and 89 kD, as determined from hydrodynamic measurements (Cisek and Corden 1991) .
Discussion
We have developed a model reaction system for studying phosphorylation of the RNAP II carboxy-terminal domain. The system is based on a fusion protein that positions the CTD on a DNA fragment independently of transcription complex formation. We have presented four lines of evidence that the protein kinase in the model reaction system is the same as the kinase that phosphorylates the CTD of native RNAP II in the transcription complex. First, the kinase used in the model reactions was obtained from washed preinitiation complexes. Second, when the kinase in the model reaction phosphorylates its substrate, the substrate undergoes an electrophoretic mobility shift similar to that seen when the native large subunit of RNAP II is phosphorylated. Third, the kinase in the model reaction has the same nucleotide substrate specificity as the kinase that phosphorylates RNAP II in the transcription complex, including a similar K^ for ATP and a preference for ATP over GTP. Finally, the kinase in both reactions prefers a DNA-bound substrate. For the phosphorylation of native RNAP II, this is manifested as a requirement for a promoter sequence in the reaction. For the phosphorylation of the model substrate, this is manifested as a requirement for a DNA-binding domain in the substrate and a preference for DNA containing the cognate-binding site. Taken together, these findings argue strongly that the system we have reconstituted from isolated components provides a faithful model for studying the phosphorylation of the CTD of RNAP II in the transcription reaction.
The properties of the template-associated CTD kinase, particularly the DNA dependence, suggested that it might also be the same as a DNA-dependent protein kinase that has been described previously (Walker et al. 1985; Carter et al. 1990; Lees-Miller et al. 1990 ). Direct comparison of the isolated DNA-PK with kinase eluted from the DNA beads showed that their activities were indistinguishable with both CTD and hsp90 substrates. Previous work suggests that DNA-PK activity is associated with a 300-to 350-kD polypeptide (Carter et al. 1990; Lees-Miller et al. 1990 ). It is not known whether this polypeptide is sufficient for activity or whether it contains the active site. Thus, although the templateassociated CTD kinase shares the reported properties of DNA-PK, further biochemical analysis will be needed to determine whether it is fully identical to the enzyme that phosphorylates Spl, T antigen, and other characteristic substrates. We carmot exclude the possibility that the enzyme exists in several forms, perhaps associated with different regulatory subunits. Because the model reaction is largely independent of promoter sequences, it is unlikely that the kinase corresponds to any specific component of the preinitiation complex.
It will be of interest to determine precisely which sites in the CTD are recognized by the kinase. Sites of DNA-PK phosphorylation in hsp90 and SV40 large T antigen have been mapped and shown to consist of Ser-Gln and Thr-Gln dipeptides (Lees-Miller and Anderson 1989; Chen et al. 1991) , neither of which occur in the murine CTD (Corden et al. 1985) . However, a recently identified DNA-PK serine phosphorylation site in rat c-/os occurs in a peptide that does not contain a Ser-Gln sequence (C.W. Anderson and S.P. Lees-Miller, unpubl.) . Information about which sites are phosphorylated in the CTD may give insights into the structural transition that is believed to occur upon phosphorylation ). Several models of CTD structure have been proposed, all of which include p turns stabilized by hydrogen bonds involving serine side chains (Matsushima et al. 1990; Suzuki 1990 ). These contacts would be disrupted by serine phosphorylation.
Other kinases capable of phosphorylating the CTD have been described (Guilfoyle 1989; Lee and Greenleaf 1989; Stevens and Maupin 1989) . El and E2, both of which contain the mouse homolog of the yeast CDC2 protein, have been the kinases characterized most thoroughly Corden 1989, 1991; Zhang and Corden I991a,b) . These kinases are apparently distinct from the template-associated kinase described here and in our previous study (Arias et al. 1991) . The CDC2-containing kinases utilize GTP as a substrate, they are sensitive to the inhibitor DRB and, more significantly, they were identified by assaying for phosphorylation of free CTD peptide or fusion protein in the absence of DNA, a condition under which DNA-PK has little or no activity. The physiological role of the CDC2-containing kinases is presumably different than that of the template-associated kinase; perhaps they are involved in cell cycle-dependent regulation of transcription.
A key feature of our present results is the requirement
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Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from that the CTD substrate be bound to DNA. Because the DNA-PK binds to DNA (Carter et al. 1990; Lees-Miller et al. 1990) , binding of the CTD may accelerate the reaction by increasing the local concentration of substrate. Alternatively, or in addition, the actual recognition target for the kinase may be a complex formed directly between the CTD heptapeptide repeats and DNA. Under the conditions used for phosphorylation assays, we did not observe stable binding of the CTD to DNA unless the GAL4 domain was present (Fig. 3) . These data do not, however, rule out the existence of a transient interaction between the heptapeptide repeats and DNA. Model CTD peptides have been shown to bind DNA by intercalation (Suzuki 1990) , and a full-length yeast CTD fusion protein has been shown to bind DNA nonspecifically under conditions of very low ionic strength . It is possible that these interactions, even if weak, may provide a physiologically important signal to the kinase.
Binding of RNAP II to DNA is more complicated than binding of the GCI47 model substrate. Notably, binding of RNAP II to the promoter is dependent on general transcription factors, including TFIIA, TFIIB, TFIID, and TFIIF (Van Dyke et al. 1988; Buratowski et al. 1989; Flores et al. 1991) . Phosphorylation of the native CTD is likely to occur in a complex that includes these and perhaps other transcription factors. Our present data argue that contacts between the CTD and general transcription factors are not required for phosphorylation of the model substrate, as the reaction occurs with isolated DNA-PK and in the absence of AdMLP sequences. Whether such contacts are important for phosphorylation of the native CTD remains to be determined.
We have considered the possibility that the presence of the GST or GAL4( 1-147) domains of the fusion protein might stimulate phosphorylation within the attached CTD sequence. This is given particular credence by the observation that although the GAL4( 1-147) fragment does not contain either of the two observed in vivo GAL4 transcriptional activating domains, it will activate transcription in vitro, evidently through a sequence located between residues 74 and 147 (Lin et al. 1988) . It is possible that the CTD interacts with this in vitro-activating domain, and that this, in concert with DNA binding, provides a composite signal to the kinase. We have attempted to test this possibility by constructing a CTD fusion protein containing only GAL4 amino acids 1-74, which form the core of the DNA-binding domain and do not activate transcription in vitro. This protein was indeed phosphorylated at a lower initial rate (S.R. Peterson and W.S. Dynan, unpubl.) . However, it also bound more weakly to its recognition site, and this difference in binding may have been sufficient to explain the reduction in phosphorylation.
The physiological role of CTD phosphorylation is of prime interest. Genetic data suggest that the CTD helps mediate the interaction between the core transcriptional machinery and factors bound at distant sites. It is uncertain whether these effects are direct or indirect. It has been proposed that the CTD might make hydrogen bond contacts with acidic activating regions (Sigler 1988 ), but one can also imagine that it might displace a repressor or interact with the DNA to promote the formation of loops between the promoter and transcription factors at remote sites. Phosphorylation of the CTD at the time of initiation would serve to break up contacts between the CTD and other proteins, promoting the transition to the elongation complex. It has been suggested that initiation of RNA synthesis or the formation of a stable preinitiation complex might provide a signal to the kinase, triggering initiation. Although this could be true for phosphorylation of the native CTD in the transcription complex, studies with the model system have so far provided no specific support for these ideas but, instead, suggest that DNA binding alone provides a signal triggering phosphorylation.
What is the possible role of a kinase that phosphorylates the DNA-bound CTD at a relatively constant rate, independent of other components of the complex? We suggest that a kinase with this characteristic could function effectively as part of a proofreading mechanism that enhances the fidelity of promoter recognition. When RNAP II binds nonspecifically to DNA, it dissociates rapidly. At an authentic promoter sequence, however, dissociation is slow relative to the rate of CTD phosphorylation. Rather than dissociating, the RNAP II will instead be phosphorylated, undergo a conformational change (Laybourn and Dahmus 1989) , and progress irreversibly to the next step of the reaction. At this stage, there is a branch in the pathway, providing an opportunity for the now altered transcription complex to dissociate prior to the formation of the first phosphodiester bond in the nascent RNA. This dissociation is irreversible, as the IIQ form of RNAP II carmot rebind to DNA. One can write a formal kinetic scheme that is identical to that for translational proofreading in E. coli (Thompson 1988) . Although the proofreading model has yet to be tested in detail, it is consistent both with our present data and with several previous observations, including the loss of transcriptional activity when preinitiation complexes are incubated with ATP in the absence of initiating nucleotides (Cai and Luse 1987; Conaway and Conaway 1988) and the relationship between CTD phosphorylation and transcription observed using an in vitro pulse-chase labeling protocol (Arias et al. 1991) .
Materials and methods
Expression and purification of CTD fusion proteins
Expression plasmids were based on pGEX2T (Pharmacia), which contains a gene encoding a 29-kD GST domain with a polylinker at the 3' end (Smith and Johnson 1988) . GST transcription is under the control of the IPTG-inducible tac promoter in a lac i^ background. A DNA fragment encoding the CTD was amplified from genomic DNA of a BALB/c mouse cell line by polymerase chain reaction. Primers were designed using the sequence of Aheam et al. (1987) . The sequence of the upstream primer, CTDl, was 5' -TTGTCTGGATCCGTAGGTGGTGC-TATGTCTCCC-3'. An introduced BamHl site is underlined, as is the first codon of the natural CTD exon. The sequence of the Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from downstream primer, CTD2, was 5'-CCTAACGAATTCT-TCGCCCTGTTCGCTCAGTT-3'. An introduced EcoRl site is underlined, as is the sequence complementary to the natural CTD termination codon. The DNA was subjected to 30 cycles of amplification, gel-purified, and digested with EcoRl and BamHI. The fragment was inserted into pGEX2T, which was digested with BamHI and £coRI. Following transformation, bacterial colonies were screened for CTD sequences and for the ability to express fusion protein reactive with a monoclonal antibody (8WG16) specific for the CTD (Thompson et al. 1989) . The structure of the resulting cloned plasmid, pGCTD, was confirmed by restriction analysis and partial DNA sequencing.
To make the GC147 construct, a DNA fragment encoding the first 147 amino acids of the yeast GAL4 protein was amplified from a GAL4-encoding plasmid. Primers were designed using data of Laughon and Gesteland (1984) . The GAL4-1 primer sequence was 5'-CAAGCCTCCGGATCCATGAAGCTACT-GTCT-3', and the GAL4-2 primer sequence was 5'-TGCCGA GGATCCCGATACAGTCAACTGTCT-3'. Introduced BamHI sites are underlined. The amplified fragment was digested with BamHI and inserted into pGCTD, which was digested with BamHI. The resulting plasmid, pGC147, encoded an in-frame insertion of amino acids 1-147 of GAL4 between the GST and CTD domains of pGCTD. The pG147 plasmid was created by cloning the same GAL4 fragment into the pGEX2T vector at the BamHI site. The resulting plasmid is analogous to pGC147 but lacks the CTD.
Large-scale purification of these proteins was achieved by inducing exponentially growing E. coli cultures (ODgoo = 0-6) with 0.5 mM IPTG and incubating at 30°C for 7-9 hr. Cells were harvested by centrifugation and resuspended in i/ioo culture volume of TZ buffer [50 mM Tris-HCl (pH 7.9), 12.5 mM MgCl^, 0.5 mM EDTA, 100 mM KCl, 20% glycerol, 1 mM p-mercaptoethanol, 10 J1. M ZnCli], and 1 |xg/ml of each of the protease inhibitors phenylmethylsulfonyl fluoride (PMSF), soybean trypsin inhibitor, and leupeptin, and 1% Triton X-100 (Sigma). Cells were disrupted in a French press, the lysate was cleared of debris by centrifugation at I0,000g for 10 min, and the supernatant was collected. The pellet was re-extracted with V25 culture volume of TZ, the mixture was centrifuged as before, and the supernatant was collected. The supematants were pooled and incubated for 30 min at room temperature with S-linked glutathione-agarose (Sigma) at a ratio of 1.25 ml of resin per liter of culture volume in 40-ml batches. The mixture was centrifuged, and the resin was washed once with 20 vol of buffer containing 50 mM Tris-HCl (pH 7.9), 1 M NaCl, 1 mM p-mercaptoethanol, and protease inhibitors as above and washed once more with 20 vol of PBS containing 1% Triton X-IOO, I mM 3-mercaptoethanol, and protease inhibitors. GST fusion proteins were eluted with TZ buffer containing 15 mM reduced glutathione (Sigma) and dialyzed against TZ buffer. Unless otherwise noted in the text, proteins were purified further using a 60-ml Sephacryl S-300 column (Pharmacia) equilibrated with TZ buffer. Fractions were analyzed by SDS-PAGE with Coomassie blue staining, and fractions containing full-length fusion protein were pooled, flash frozen in liquid N2, and stored in aliquots at -70°C. Quantitation of the fusion proteins was performed by comparing Coomassie blue dye binding of the full-length proteins to known standards, with the assumption that the CTD portion of the protein did not bind dye (Zhang and Corden 1991a) .
The AdMLP DNA (referred to in the text as the AdMLP fragment) consisted of a 258-bp EcoBl-Bgll DNA fragment derived from pDNAdML (Conaway and Conaway 1988) . The mutant AdMLP was described previously (Arias et al. 1991) . The pAdUAS and pUCUAS plasmids were created by inserting a consensus GAL4 17-mer binding site consisting of an oligonucleotide 5'-CCGCGGAAGACTCTCCTCCGGTAC-3' and its complement 5'-CGGAGGAGAGTCTTCCGCGGGTAC-3' (Giniger et al. 1985) into the Kpnl site of pDNAdML or pUC19, respectively.
Immobilized template transciiption and phosphorylation assays
Nuclear extracts were prepared from HeLa cells as described previously (Arias and Dynan 1989 (Arias and Dynan 1989) . Phosphorylation assays were performed identically to transcription assays, except that the initiation reaction was for 5 min in the presence of a-^^P-labeled ATP (60 Ci/mmole), initiated complexes were washed only once and in the absence of Sarkosyl, and RNAP II was allowed to run off the template in the presence of nonradiolabeled elongation nucleotides. Radiolabeled proteins were immunoprecipitated using 8WG16 antibody and protein A-Sepharose as described previously (Arias et al. 1991) .
DNA-binding assay
DNA binding was analyzed by incubating 50 ng of purified fusion proteins with the GAL4 recognition oligonucleotide described above, which was 5'-end-labeled using [•Y-^^P]ATP. Incubation was for 15 min at room temperature in a reaction mixture that contained 200 pg of probe and 100 ng of poly[d(I-C)] in 0.5 X TZ buffer. Mobility-shifted complexes were identified by nondenaturing gel electrophoresis using a 5% polyacrylamide gel. Competitive binding assays were performed using a nonradioactive GAL4 consensus recognition oligonucleotide or an unrelated oligonucleotide with sequence 5'-GATCTCCAC-CAAGAACCATTTCCTA-3' and its complement 5'-GAT-CTAGGAAATGGGTGGTTCTTGGTGGA-3'.
Elution of protein kinase from DNA beads and kinase assays
Protein complexes were formed by incubating AdUAS or AdMLP DNA beads with HeLa nuclear extract for 60 min at 30°C. A typical experiment used 25 |xl of DNA beads [1:1 (vol/ vol) slurry in water, 500 ng of DNA per reaction] and 25 |xl of nuclear extract. Complexes were washed three times with TX buffer containing 0.25 M KCl and twice with TX buffer containing 0.05 M KCl. CTD kinase activity was eluted by adding KCl to a final concentration of 1 M and incubating the mixture for 5 min at 30°C. The eluant was separated from the DNA beads by centrifugation and adjusted to 50 mM KCl by dilution in TX buffer, unless otherwise noted in the figure legends. Phosphorylation of the CTD fusion proteins G147 and GST was typically assayed in TX buffer containing 2 |xl of the diluted eluant, 100 ng of fusion protein, I ng of DNA fragment, 0.05 M DNA-PK phosphorylates RNAP 11 CTD KCl, and 12.5 fiM [T-^^PJATP (4 Ci/mmole) in a final volume of 50 |xl. Samples were incubated at 30°C for 30 min or as specified in the figure legends. Samples were immunoprecipitated using 8WG16 antibody and protein A-Sepharose as described (Arias et al. 1991) or analyzed directly by SDS-PAGE as specified in the figure legends.
CNBr cleavage of GC147 protein was carried out as described previously for RNA polymerase II (Arias et al. 1991) .
Isolation of DNA-PK
DNA-PK was solubilized from a HeLa cell ribosomal pellet, chromatographed on DEAE-Sepharose CL-6B and doublestranded DNA cellulose, and rechromatographed on DEAESepharose in the presence of MgCl2 as described by Lees-Miller etal. (1990) .
In the experiment in Figure 7 , the DNA bead-eluted kinase was purified further using a Superdex-200 HI6/160 column (Pharmacia) with a flow rate of 0.5 ml/min and a buffer containing 50 mM Tris-HCl (pH 7.9], 0.3 M KCl, 1 mM EDTA, 1 mM DTT, 5% glycerol, 0.02% Tween 20, and 1 jxg/ml each of PMSF, soybean trypsin inhibitor, pepstatin A, and leupeptin. The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
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